ROOZENDAAL, B., J. M. KOOLHAAS AND B. BOHUS. Attenuated cardiovascular, neuroendocrine, and behavioral responses after a single footshock in central amygdaloid lesioned male rats. PHYSIOL BEHAV 50(4) 771-775, 1991.--The effect of bilateral electrolytical CEA lesioning on behavioral, cardiovascular and neuroendocrine changes has been studied in male Wistar rats before, during and shortly after a brief aversive stimulus of an unavoidable footshock. Blood samples were withdrawn via a permanent heart catheter. Lesioning of the CEA abolished completely the immobility response normally seen after a footshock. Lesions failed to affect the early tachycardiac response compared to sham-lesioned controls, but the poststress recovery was attenuated, probably due to diminished vagal activation. Furthermore, the magnitude of the responses of all measured hormones (epinephrine, norepinephrine, corticosterone and prolactin) appeared to be attenuated in the lesioned rats. These results suggest that the CEA plays an important and general role in the behavioral, autonomic and hormonal output during a brief unavoidable, unconditioned footshock. This is in contrast with the selective role of the CEA in vagal (parasympathetic) and on inhibitory (immobility) behavioral responses following conditioning.
Heart rate
Epinephrine Norepinephrine THE central nucleus of the amygdala (CEA) seems to be selectively involved in the passive component of the behavioral and the accompanying parasympathetic response during conditioned environmental challenges. For example, bilateral CEA lesioning disrupts the typical parasympathetic response, i.e., bradycardia, together with immobility behavior normally elicited as a consequence of emotional stress of fear of an aversive electric shock in rabbits (12) and rats (22, 23) . In addition, a CEA lesion attenuates the conditioned, stress-induced and vagus-mediated gastric ulceration in rats (9) . However, conditioned-sympathetic and adreno-medullary activation, indicated by plasma norepinephrine and epinephrine levels, and the adreno-cortical (corticosterone) response appeared to be unaffected by CEA manipulation (Roozendaal et al., in preparation) . Recently, we showed that the CEA is involved not only in conditioned stress-induced parasympathetic responses, but also in other, nonstress-related conditioned parasympathetic responses. Thus the conditioned cephalic insulin response is abolished by CEA lesioning (24) . These findings altogether suggest a general role for the CEA in controlling conditioned-parasympathetic output. However, the influence of lesioning of the CEA on acute, unconditioned-stress responses has received little attention. Therefore, the present study was designed to investigate a possible effect of bilateral electrolytical lesioning of the CEA on behavioral, hormonal and autonomic responses before, during and after a brief unavoidable footshock in male Wistar rats. The footshock with the same parameters served as the unconditioned stimulus in a conditioning experiment with a one-trial learning procedure in rats.
Animals

METHOD
Thirty-two young adult (8-10 weeks old) male Wistar rats, weighing 280-320 g, were used. During the experiments the rats were housed individually in clear perspex cages (25 x 25 × 30 cm) with a sawdust-covered floor. Food and water was available ad lib in a temperature-controlled environment of 21 ---1 °C, with lights on from 0830 to 2030 h. The experiments were carried out during the light period of the cycle (between 1000 and 1400 h).
Electrolytical Lesion of the CEA
The animals were anesthetized with ether and placed in a David-Kopf stereotaxic apparatus. The lesions were made with a monopolar stainless steel electrode (outer diameter of 0.2 mm and an uninsulated tip of 0.1 mm). The electrode was aimed at the central amygdala (coordinates: 6.7 mm rostral to interaural, lateral 4.0 mm to the midline, and ventral 7.0 mm below dura) (20) .
The lesions were made with an anodal current of 1.25 mA 771 772 ROOZENDAAL, KOOLHAAS AND BOHUS during 5 s. In the sham-operated controls, the electrode was lowered 6.0 mm below dura and no current was passed. The animals were allowed one week for postsurgical recoveu r.
Implantation of the Cannulae
Sixteen (8 lesioned and 8 sham-lesioned) rats were provided 1-3 days after lesioning with a silicon heart catheter through the jugular vein (28) . This method allows frequent blood sampling in unanesthetized and undisturbed, freely moving rats.
Recording and Analysis of the ECG
The ECG of freely moving rats was monitored telemetrically by means of a miniature FM transmitter (model SNR 102F, Dynamic Electronics Ltd., England) as described earlier (2) . The transmitter was attached to a Velcrose strap which was secured around the chest. The transmitter was connected to transcutaneous electrodes made of standard paper clips. The transmitted signals were received on a commercial FM receiver, amplified with half-amplitude cutoff frequences at 10 and 100 Hz (Grass Pr CR preamplifier) and stored on tape.
For analysis, the recorded ECG samples were processed through a cardiotachometer pulse generator which generated a square wave pulse at each R-wave. The time between the onset of two consecutive pulses, the interbeat interval (IBI), was measured by a personal computer (Olivetti M24). IBis falling within the range of 100 to 220 ms have been selected for computing the mean IBI of each sample period. Bradycardia was considered to be an increase in mean IBI. Decrease in IBI indicated tachycardia. During both recording and analysis the quality of the ECG signal was continuously monitored on an oscilloscope.
Experimental Design and Procedures
The animals were at random divided into two groups, each consisting of 8 CEA-lesioned and 8 sham-lesioned animals. One group was provided with transcutaneous electrodes for ECG recording. In the same group, also, immobility behavior was measured. The other group was provided with the jugular vein catheters for blood sampling. Both groups of animals were housed and handled identically.
During the first two days, each rat was transported to the experimental room and placed in the shock box and stayed in it for 30 min to habituate to the environment and experimental procedure. In one group the strap holding the transmitter was fixed around the chest of the rat. The other group of animals was connected with a polyethylene blood sampling tube. On day 3 the rats were placed in the shock box for 1 hour to minimize reactions to transfer. To measure base-line heart rate, ECG samples were recorded for 1-min sampling periods at t=-10 and -1 min. Immediately afterwards an aversive stimulus of a scrambled footshock (0.6 mA, AC for 3 s) was given. Additional ECG samples were taken at t= 1, 3, 5 and 10 min following this footshock. During the same sampling periods, immobility behavior was scored by direct observation. Immobility was described as motionless alertness.
The other group was transferred to the experimental room and connected with the blood polyethylene sampling tube for 1 hour. In this group preshock blood samples of 0.45 ml were withdrawn at t = -15 and -1 min for determination of plasma catecholamines, corticosterone and prolactin. After each sample the same quantity of heparinized-donor blood was given to avoid diminution of the blood volume with related changes in hemodynamics. Donor blood was obtained from unstressed rats with permanent FIG. 1. Coronal section of the rat brain at 6.7 mm rostral to interaural showing a representative lesion (black) and the total area covered by the lesions (gray) in the cardiac (A: n=8) and blood sampling (B: n=8) animals.
heart catheters. Directly afterwards the rats were given the aversive stimulus of a footshock. Additional blood samples were taken at t = 1, 3, 5 and 20 min.
Chemical Determinations
Blood samples were immediately transferred to chilled (0 °C) centrifuge tubes containing 0.01% EDTA as antioxidant and 10 Ixl heparin solution (500 IU/ml) as anticoagulant. Blood was centrifuged at 4°C for 10 min at 5000 rpm, and 150 Ixl of the supernatant was stored at -20 °C for corticosterone and prolactin measurements and 100 p,1 at -80°C for the catecholamine measurement. Plasma corticosterone was measured by means of reversed-phase high performance liquid chromatography (HPLC) (6) . Plasma concentrations of prolactin were determined by a double antibody radioimmunoassay for rat prolactin, using the method of Kwa et al. (15, 16) . NIDDK-rPRL-RP-2 was used as reference preparation and NIDDK-anti-rPRL-S9 as antiserum. Determination of plasma catecholamine concentrations was performed by HPLC in combination with electrochemical detection (ECD), with a minor modification of the method by Smedes et al. (27) . The HPLC-ECD system included a LKB 2150 pump (LKB instruments, Bromma, Sweden), a Rheodyne injection valve with a 100-1xl loop, a 25-cm analytical column (Nucleosil C18, Macherey-Nagel, Gimex Ned), held at 40°C by a column stove (LKV), a 5100-A electrochemical detector with a 5020 guard cell and a 5011 high sensitivity detector cell (ESA), and a BD 41 two-channel flat bed recorder (Kipp). The guard cell potential in front of the injection valve was + 450 mV, the potentials of the working electrodes of the detector cell were -50 and + 350 mV, respectively. The mobile phase contained 0.034 M citric acid, 0.043 M NazHPO4, 0.07% heptanesulfonic acidsodium salt, 0.02% EDTA, and 3% methanol: 95% HzO (pH 4.1). Absolute detection levels for epinephrine and norepinephrine in plasma were 0.010 and 0.005 ng/ml, respectively. 
Histology
At the completion of the experiments, the CEA-lesioned animals were deeply anesthetized with sodium pentobarbital (90 mg/kg IP) and perfused intracardially with saline followed by a 4% formaldehyde solution. The brain was removed from the skull and fixed in 4% formaldehyde for at least 24 h. Subsequently, frozen sections of 40 p.m were cut and the lesion place was examined on unstained sections. A minimum of 50% CEA damage as determined 6.7 mm rostral to interaural line was used as a selection criterion for correctly lesioned animals.
Statistics
Behavioral data were analyzed with the Mann-Whitney U-test (two-tailed, corrected for ties). Hormonal and cardiac data of the rats were evaluated for significance using analysis of variance with repeated measures (ANOVA). The repeated measures ANOVAs were followed by the Student's t-test. A probability level of p<0.05 was taken as statistical significance for all tests. 
RESULTS
Histological examination of the lesion sites in both experiments revealed that none of the rats had to be excluded from further analysis (Fig. 1) .
Immobility Response
Before the shock, none of the animals showed much immobility. Most of them were sleeping or exploring the shock box (data not shown). In the initial phase after the inescapable footshock, all animals were actively trying to escape from this environment. However, in the later phase the sham-lesioned animals spent increasingly more time on immobility behavior. The CEAlesioned animals persisted in exploratory and escape behavior. Already at t = 1 min this difference is significant (p<0.05), and remains significant at all subsequent sampling periods t= 3, 5 and 10 min (p<0.01) (Fig. 2) .
Cardiac response
A significant lesioning x time interaction was found in the heart rate response, F(4,52)--3.46, p<0.05. No differences in heart rate were seen during the prestress period. In the initial phase after the footshock, a similar tachycardiac response, i.e., decrease in IBI, was found in both groups. In the sham-lesioned animals this tachycardia successively diminished and even shifted to a bradycardia relative to prestress baseqine. The CEA-lesioned animals, however, failed to show this bradycardia. A significant difference in IBI was found at t= 10 min (p<0.05) (Fig. 3) .
Catecholamine Responses
No significant differences in prestress plasma epinephrine and norepinephrine were found. Immediately after the footshock, both groups reacted with a rapid increase in catecholamines. However, in the sham-lesioned animals, the responses were significantly larger, both for epinephrine, F(1,39)=4.84, p<0.05 (Fig. 4) , and norepinephrine, F(1,42)= 19.90, p<0.01 (Fig. 5) . Statistical analysis revealed significant differences for epinephfine at t = 1 (p<0.05) and 20 min (p<0.01) and for norepinephrine at t= 1 (p<0.05) and 3 and 5 min (p<0.01). At t=20 rain, norepinephrine concentrations were returned to base-line levels in both the CEA-lesioned and sham-lesioned rats. 
Corticosterone Response
ANOVA revealed a significant lesioning × time interaction, F(3,42) = 8.17, p<0.0005. Before the delivery of the footshock, plasma corticosterone concentration was somewhat, but significantly higher in the CEA-lesioned rats at t---1 min (p<0.05). After the footshock, the animals developed a slow, but long lasting increase in corticosterone. In the sham-lesioned animals, this response was larger compared to the rise in the CEAlesioned animals. A significant difference in plasma corticosterone concentration was found at t= 20 min (p<0.05) (Fig. 6) .
Prolactin Response
No differences were found before the rats received the inescapable footshock. An increase in prolactin level was observed as a consequence of the shock in both groups. However, this increase was significantly larger and remained higher for a longer period of time in the sham-lesioned animals compared to the CEA-lesioned rats, F(1,33)=8.64, p<0.05. Significant differences in plasma prolactin level were reached at t = 1 (p<0.05) (Fig. 7) . At other intervals, a remarkably large S.E.M. was found in the sham animals.
DISCUSSION
The present study demonstrates for the first time that the CEA is not exclusively involved in conditioned responses to stressful stimuli. There seems to be, also, a rather general, nonselective amygdaloid modulatory influence on acute, unconditioned-stress responses. This suggests that the CEA has a complex and rather differentiated control on both unconditioned and conditioned responses. The behavioral, cardiovascular and neuroendocrine stress responses to an inescapable shock were one way or the other affected by CEA lesioning, while our previous studies demonstrated that complex stimuli that signal a previous aversive stimulus of inescapable footshock are selectively affected by the lesion: only the passive component of the behavioral and the accompanying parasympathetic response, i.e., immobility and bradycardia, were abolished (22) .
The CEA receives polysensory information (conditioning stimulus) from the anterior basolateral amygdaloid complex (29) . The CEA may add an emotional charge to this "pure" polysensory pattern, which can be seen as conditioning. CEA destruction may be responsible for an impairment or abolishment of this conditioning process, leaving the initial real shock responses intact, but showing an early return to preshock levels of all parameters, except for the passive behavioral and accompanying parasympathetic responses which were totally abolished.
These different functions of the CEA may have their morphological substrate in different subdivisions of the CEA. Several recent studies have recognized four major subdivisions arranged from medial to lateral, on basis of cell density, neuronal morphology, neurotransmitter properties, and afferent and efferent projection sites (4, 18, 30) . Another possibility is that both the unconditioned and conditioned response may be generated in the same subdivision(s), but that different neuronal subpopulations, using different neurotransmitter systems, are involved.
Our findings are in agreement with electrical and chemical stimulation studies. Electrical stimulation of the CEA can produce a complex pattern of behavioral and autonomic changes that, taken together, constitute a state that highly resembles fear. For example, it produces a cessation of ongoing behavior (1), it can also produce decreases in heart rate (1, 7, 13, 19) , and blood pressure (7, 11) . In addition, observations with chemical stimulation with L-glutamate and thyrotropin-releasing hormone revealed similar changes in heart rate, blood pressure (7) and in plasma catecholamines (3) .
Studies of the past several years have provided detailed descriptions of the efferent targets of the CEA neurons in a number of mammalian species. A part of the CEA output pathways are likely to be involved in a monosynaptic, peptidergic innervation of the dorsomedial medulla, particularly to the nucleus of the solitary tract, dorsal motor nucleus of the vagus and the ambiguus nucleus (5, 10, 14, 21, 25, 26) . This projection may be responsible for the control of parasympathetic output. In addition, recent evidence suggests that the CEA innervation of the periaqueductal gray is involved in the passive behavioral component (immobility) (17) . Moreover, the innervation of the lateral parabrachial nucleus in the midbrain, and the lateral hypothalamic nucleus may be involved in the sympathetic responses (17) . Finally, a new monosynaptic innervation of the paraventricular nucleus of the hypothalamus has recently been described, which may be involved in the influence of the CEA in the pituitary-adreno-cortical system (8) . The chemical nature of the latter connection is largely unknown.
The exact identification of input and output systems of the CEA conveying behavioral, physiological and neuroendocrine stress responses remains an inviting prospect.
